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ABSTRACT 

Numerical simulation of thermal-hydrologic-
mechanical (THM) processes in porous  and 
fractured media has become increasingly 
important and valuable for its role in the under-
standing of fluid flow, heat transfer, and rock 
deformation in stress-sensitive geothermal reser-
voirs. This paper presents a novel, fully coupled 
fluid-flow and geomechanics simulator 
(TOUGH2-EGS), in which the fluid flow 
portion is based on the general-purpose numeri-
cal model TOUGH2/EOS3, and the 
geomechanical portion is developed from the 
linear elastic theory for a thermo-poro-elastic 
system using the Navier equation. The multiple 
interacting continua method is applied to simu-
late flow in the fracture and fracture-matrix 
interaction. Porosity and permeability depend on 
effective stress, and several correlations describ-
ing that dependence are incorporated into the 
simulator. The established model is verified 
against analytical solutions for the one-dimen-
sional dual-porosity consolidation problem by 
Wilsion and Aifantis (1982). Two cases—a five-
spot injection and production pattern, and the 
Rutqvist and Tsang (2002) model—are exam-
ined for analyzing the effects of changes in pres-
sure on fracture flow and rock deformation. The 
results demonstrate that our new model can be 
used for field-scale geothermal reservoir simula-
tion of fluid flow and geomechanical effects in 
porous and fractured media. 

INTRODUCTION 

Geomechanical effects within porous and frac-
tured media must be seriously considered with 
respect to enhanced geothermal systems, 
particularly in analyzing associated formation 

subsidence and stress-sensitive fractured reser-
voirs (Merle et al., 1976; Lewis and Schrefler, 
1998; Settari and Walters, 2001; Boutt et al., 
2011). Moreover, the coupling of geomechanics 
with porous-media fluid and heat flow would 
also be valuable for a variety of other technical 
problems—e.g., soil shrinkage from water 
evaporation and soil heaving due to water freez-
ing; formation permeability and porosity 
changes; rock deformation associated with 
heavy oil recovery processes such as steam 
assisted gravity drainage (SAGD) or from cold 
water injection and steam/hot water production 
in geothermal fields. Furthermore, most geother-
mal reservoirs are situated in igneous and meta-
morphic rocks that have low matrix permeability. 
Well-connected cracks and fractures provide 
highly permeable fluid-flow paths through 
unfractured tight rock matrix. Artificial fractures 
or hydraulic fractures will be vital in providing 
additional highly permeable flow paths for 
underground fluid flow and heat exchange. For 
all these issues, numerical simulation of thermal-
hydrologic-mechanical (THM) processes in 
porous and fractured media has become increas-
ingly important. 

Winterfeld and Wu (2011) have recently 
presented a fully coupled THM model based on 
a generalized version of Hooke’s law in porous 
media, and have verified the model using several 
sample problems. However, how to simulate 
geomechanical behavior in fractured media 
remains a question. The first conceptualization 
of model flow in fractured media is the double-
porosity concept, originally developed by Baren-
blatt et al. (1960), and later developed to classi-
cal double-porosity concept for modeling flow 
in fractured, porous media developed by Warren 
and Root (1963). The multiple interacting 
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continua (MINC) numerical approach has been 
used to simulate fracture and porous-matrix flow 
and interactions (Pruess and Narasimhan, 1985).  
The basic concept of MINC is that changes in 
fluid pressures (due to the presence of recharge 
or discharge from boundaries of the model 
domain) will propagate rapidly through the frac-
ture system, while only slowly invading tight 
matrix blocks. Therefore, changes in matrix 
conditions will be controlled locally by the 
distance from the fractures. Fluid flow from the 
fractures into the matrix blocks or from the 
matrix blocks into the fractures can then be 
modeled by means of one-dimensional strings of 
nested gridblocks (Pruess et al., 1999). Doughty 
et al. (1999), in thoroughly examining and 
comparing fractured rock modeling methods for 
flow and transport processes in the unsaturated 
zone (UZ) at Yucca Mountain, NV, found that 
the MINC approach with multi-matrix-grid-
blocks gives the most accurate infiltration pulse 
and tracer arrival time among all methods. Wu et 
al. (2004) introduced the triple continuum 
concept, consisting of (1) tight rock matrix, (2) 
small-scale fractures, and (3) large-scale frac-
tures. Each continuum can interact with any 
other, and global flow takes place in large frac-
tures and rock matrix continua. 

This paper will present a novel, fully coupled 
fluid flow and geomechanical simulator 
(TOUGH2-EGS) in detail, and then the model 
will be verified, through a 1D flow-geomechani-
cal case using the dual porosity method for frac-
tured reservoirs, by comparison with analytical 
solutions. Finally, two cases, one involving a 
five-spot injection and production pattern, and 
the other the Rutqvist and Tsang (2002) model, 
are simulated for analyzing how changes in pres-
sure affect fracture flow and rock deformation.  

MATHEMATICAL MODEL 

Formulation of fluid and heat flow in porous 
and fractured media 
Our new simulator was developed based on the 
general framework of mathematical and numeri-
cal models, which solve mass- and energy-
balance equations describing fluid and heat flow 
in general multiphase, multicomponent systems 
(TOUGH2/EOS3). Fluid flow is described using 
a multiphase extension of Darcy’s law. Heat 
flow is governed by conduction and convection, 

including sensible as well as latent heat effects. 
Following Pruess et al. (1999), the mass- and 
heat-balance equations in each model subdomain 
or REV of an EGS can be written as in Table 1. 
The MINC method is used to simulate fracture-
fracture flow or fracture-matrix flow. 
 

Table 1. Equations of fluid and heat flow solved in 
TOUGH2-EGS 

Description  Equation  
Conservation 
of mass and 
energy n n n

n n n
V V

d M dV n d q dV
dt
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= • " +# # #F  
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w

M C T S U! ! !
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" # " #= $ + %  

Phase veloc-
ity ( )r w w

w w
w

k
k P! !

! ! !
!

"
"

µ
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Formulation of geomechanics in porous and 
fractured reservoir 
The poroelastic version of the Navier equations 
for matrix (Jaeger et al., 2007) is as Equation 1. 
The definition of symbols is shown in the Sym-
bol Chapter. 

2 ( ) ( ) 3G u G u F P K T! " #$ + + $ $% = & & $ & $   (1) 
 
The poroelastic version of the Navier equations 
for matrix and fractures (Bai and Roegiers, 
1994) is 

2 ( ) ( )

3 3
f f

m m m m m f f f

G u G u F P
P K T K T

! "

" # #

$ + + $ $% = & & $

& $ & $ & $
       (2) 

where  
1 /f f ma K K= ! ;  / (1 / )m f m m sa K K K K= !  (3) 

 
Here, Kf is the fracture medium bulk modulus, 
Km is the bulk modulus of the matrix, and Ks is 
the solid bulk modulus.  
 
Strain can be expressed in terms of a displace-
ment vector, u. The displacement vector points 
from the new position of a volume element to its 
previous position. The strain tensor is related to 
the displacement vector by 
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1 [ ( ) ]
2

Tu u! = " + "                   (4) 

Hook’s law for the normal stress of a 
thermoporoelastic dual-permeability medium, 
generalized from Bai et al., 1995, is  
 

( 3 ( ) 3 ( ))

2 ( ), , ,
ll f f m m f f ref m m ref

ll xx yy zz

p p T T T T
G l x y z

! " " # #

$ % $ $ $

& + + & + &

= + + + =
  (5) 

 
The volumetric strain is obtained from summing 
the normal stress components in the above equa-
tion: 

(

3 ( ) 3 ( ))
v m f f m m

f f ref m m ref

K p p
T T T T

! " # #

$ $

= % + +

% + %
             (6) 

The above two equations can be generalized to 
the MINC formulation by replacing the fracture 
(f) and matrix (m) terms with a summation over 
MINC, for example: 

1
( 3 ( ))N

v m i i i i refi
K p T T! " # $

=
= % + %&    (7) 

For each set of MINC blocks, there is one mean 
stress and one volumetric strain. Mean stress is a 
gridblock primary variable. The mean stress 
equation of discretation is  

2 2 2
1

3(1 ) 2(1 2 ) ( 3 )
(1 ) (1 )

N
m i i i ii

F P K T! !
" # $

! ! =

% %
& = %&' + & + &

+ + (
   (8) 

Rock property corrections 
When the spatial average stress distribution is 
calculated, permeability and porosity are both 
dependent on effective stress:  

( )k k ! "=                            (9) 
( )! ! " #=                          (10) 

These relationships are based on experimental 
formula and can be input to the model. Since 
bulk volume is related to porosity, we also allow 
bulk volume to depend on effective stress and 
pore pressure 

( , )b bV V P! "=                    (11) 

Code integration 
The mean total stress is added as an additional 
primary variable. Thus there are four primary 
variables: pressure, temperature, air mass frac-
tion, and the mean total stress. Secondary varia-
bles such as liquid saturation and volumetric 
strain are calculated from the primary variables. 
Pressure, temperature, and mean total stress 
initialization parameters are first input into the 
model, and the initial stress field is then calcu-

lated from them. Finally, pressure, temperature, 
air mass fraction, and mean total stress are 
solved iteratively for each Newton iteration. The 
calculation of fluid and geomechanical variables 
is fully implicit and fully coupled with fluid and 
heat flow. 

MODEL VERTIFICATION 

A 1-D column consisting of a double-porosity 
medium (which may be fissured rock) is consid-
ered by Wilson and Aifantis (1982). The 
conceptual model is shown in Figure 1.  
 

 
Figure 1. Schematic figure representing a double-

porosity model in 1-D fractured reservoirs. 

Height of sand column is 50 m. The primary 
rock properties are basically from Berea sand-
stone experimental data. The porosity of fracture 
and matrix is 0.019 and 0.19 respectively. 
Permeability of fracture and matrix is 1.0!10-13 
m2 and 1.0!10-17 m2 respectively. Rock 
compressibility is 4.40!10-10 Pa-1, Poisson ratio 
is 0.20, Young modulus is 14.40 GPa, and Biot 
coefficient is 1.0. This actual physical situation 
occurs in a geothermal reservoir where the initial 
condition is drained, with zero deformation. 
When fluid is produced from the reservoir, the 
rock frame starts to deform. Thus, in our simula-
tion setup, the difference between initial pres-
sure and bottomhole pressure was constructed to 
be equivalent to pressure change resulting from 
the top load. Also, the productivity index of the 
producer is calculated to be equivalent to a con-
stant pressure boundary at the top of reservoir. 
Analytical and numerical solutions for pressure 
in fractured media and displacement are shown 
in Figure 2 and 3. The match is good, adding to 
the creditability of the model. 
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Figure 2. Comparisons of numerical and analytical 

solutions for pressure in the fracture. 
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Figure 3. Comparisons of numerical and analytical 

solutions for normalized displacement at 
the top of the column. 

MODEL APPLICATION 

Problem of five-spot injection and production 
pattern 
In geothermal reservoir development, production 
and injection wells are often sited in regular geo-
metric patterns. In our application, we consider a 
large well field with wells arranged in a “5-spot” 
pattern. Because of symmetry, only a quarter of 
the basic pattern needs to be modeled. Figure 4 
shows a simulation in which the fine grids are 
used near the injection and production wells, 
whereas coarse grids are used elsewhere. The 
system is initialized as a normal pressure regime 
in which subsurface pressure follows the hydro-
static pressure of the water head, and the 
temperature gradient is set at 4˚C/km. The reser-
voir is fully saturated with water. Some rock 
properties are shown in Figure 4.  

In this simulation, to analyze the effect of 
fracturing on pressure and strain distribution, we 
calculate two scenarios: with and without the 
consideration of fractures. Figure 5 shows 
simulation results with consideration of fractur-
ing after 3 years of production near the injector 
and producers, respectively. Around the injector, 
the temperature is reduced, as a result of cooling 
effects, in turn resulting in stress reduction, as 
can be seen in the pressure and mean normal 
stress changes following the temperature change 
pattern  (Figure 5(a) and (c)). 
 

 
Figure 4. Schematic figure of a quarter model for 5-

spot pattern 

As shown in Figure 6, the pressure at the injec-
tion point in the with-fracture scenario decreases 
more rapidly than that in the without-fracture 
scenario; also, volumetric strain is much larger 
in the with-fracture scenario than in the without-
fracture scenario. From Figure 6, the pressure 
for the with-fracture scenario after 3 years is ~36 
MPa, whereas the without-fracture scenario is 
~25 MPa. From Figure 7, the total settlement for 
the with-fault scenario after 3 years is almost 
1.50 m, whereas the settlement for the without-
fault scenario is less than 0.25 m. The differ-
ences in the total settlements demonstrate that 
the existence of fractures will cause a sharp 
decline in pressure and large deformation. 
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(a) pressure change. 

 
(b) temperature change. 

 
(c) mean normal stress change. 

    Figure 5.  Simulation results with the consideration 
of fracture at the injector after 3 years. 

 

 
Figure 6.  Changes of pressure with time at the injec-

tion point 

 
Figure 7.  Changes of the total settlement with time at 

the injection point 

The Rutqvist and Tsang CO2 injection model 
simulation 
Rutqvist and Tsang (2002) presented a two-
dimensional vertical section model (Figure 8), 
extended far enough in lateral directions to be 
considered infinite acting. The injection 
formation is 200 m thick and bounded by a low 
permeability basement rock and a 100 m thick 
cap rock, which in turn is overlain by an upper 
1,200 m homogenous formation. The parameters 
for each formation can be found in Rutqvist and 
Tsang (2002). Unlike Rutqvist and Tsang (2002) 
we simulate water injection rather than 
supercritical CO2 and focus our study on the 
effects of the fault.  This conducted by compar-
ing the simulation results with and without 
including the fault into the model simulation.  
 
The functions for porosity and permeability 
changes are obtained by correlation with labora-
tory measurements on sandstone (Rutqvist and 
Tsang, 2002). The porosity, ! , is related to the 
mean effective stress as 

85 10
0( )r re !" " " "

# $% &= # +      (13) 

where 0! is porosity at zero stress, r! is residual 
porosity at high stress.  Moreover, the 
permeability is correlated to the porosity accord-
ing to the following exponential function: 

22 ( / 1)
0

rk k e ! !" #=               (14) 

where k0 is the zero stress permeability. 
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The simulated pressure, permeability, mean total 
stress, and volumetric strain profile in the verti-
cal direction for the with-fault scenario after 10 
years is shown in Figure 9. Figure 10 shows a 
comparison of the contour lines of volumetric 
strain by our model with and without consider-
ing faults. In the without-fault scenario, the 
strain propagates mainly along the bottom of the 
cap rock, but cannot break through the cap rock. 
However, in the with-fault scenario, pressure-
induced changed in permeability, mean total 
stress and volumetric strain reach their 
maximum value around the injection point, and 
then propagate to the surrounding, and more 
importantly, changes are found along both the 
bottom of the cap rock and the fault (Figure 9). 
When compared with Rutqvist and Tsang’s 
results, the results seem similar and reasonable.  
 
 

 
Figure 8. Vertical profile of study area. 

 

  
(a) pressure change.       

 
(b) permeability change (K/K0). 

 
   (c) mean normal stress change.  

 
(d) volumetric strain change. 

Figure 9.  Simulated profile at with-fault scenario 
after 10 years. 
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(a)  without fault  

 
(b) with fault  

Figure 10. Simulated contour lines at a value of 
0.00025 with-fault and no-fault scenario 
for 1, 3 and 10 years.  

CONCLUSION 

We present an efficient, fully coupled fluid flow 
and geomechanics simulator (TOUGH2-EGS) 
for simulating multiphase flow, heat transfer, 
and rock deformation in porous and fractured 
media. The fluid and heat flow formulation is 
based on that for TOUGH2/EOS3; the geome-
chanics formulation is based on the theory of 
thermo-poroelasticity (the Navier thermo-
poroelastic equation). The flow, heat, and stress 
equations are solved at each Newton-Rapson 
iteration. The mean total stress is added as an 
additional primary variable. 

Our numerical model is verified for a 1D flow-
geomechanics case using a dual porosity method 
in a fractured reservoir, and is tested by 
comparison with analytical solutions. In compar-
ing our simulated changes in pressure and strain 
to analytical model results, we find that our 
numerical model can produce essentially the 
same results as analytical models. Two cases—a 
5-spot EGS model, and a similar case as posed 
by Rutqvist and Tsang (2002), are simulated. 

The results demonstrate that our model can 
assess how cold water injection and steam or hot 
water production might affect the stress field in 
fractured reservoirs—and most importantly, how 
faults could lead to changes in pressure, stress, 
and strain. 

The presented numerical model only calculates 
the mean total stress, as opposed to the total 
stress tensor. Such a simplification may be a 
shortcoming in our model, since it therefore 
cannot analyze phenomena dependent on shear 
stresses, such as rock failure. Also, the model 
represents instantaneous, undrained responses as 
well deliverability and changes in the mean 
normal stress. However, TOUGH2-EGS is rigor-
ous in handling coupled flow and rock defor-
mation and is easily applied to stress-sensible 
reservoirs for analyzing multiphase fluid, heat 
flow, and rock deformation in porous and frac-
tured media.  

SYMBOLS 

Nomenclature 

RC  heat conductivity, W K-1 m-1. 

F  body force (gravity), Pa m-1. 
F! the mass or energy transport terms along the 
borehole due to advective processes, W m-1. 
g  Gravitational acceleration constant, m s-2. 
G shear modulus, Pa. 

wh!  Specific enthalpy in phase w! , J kg-1.  
k  Absolute permeability, m2. 
K  Bulk modulus, Pa. 

iK  Bulk modulus, Pa, (i=f, fracture; i=m, matrix) 

r wk !  Relative permeability to phase "#. 

M ! the accumulation terms of the components 
and energy !, kg m-3. 
n  Normal vector on surface element, 
demensionless. 
N the nubers of MINC. 
t  Time, s. 
T  Temperature, ˚C or K. 
iT  Temperature, ˚C or K, (i=f, fracture; i=m, 

matrix) 
refT  Reference temperature, ˚C or K. 

wu!  the Darcy velocity in phase "#, m s-1. 
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wU !  the internal energy of phase " per unit 
mass, J kg-1 
bV  Bulk volume, m3. 

nV  Volume of the nth grid cell, m3. 
P  Pressure. Pa. 
iP  Pressure of frature. Pa, (i=f, fracture; i=m, 

matrix) 

0cP  Reference capillary pressure. Pa. 

wP!  the fluid pressure in phase "#, Pa. 

q! Source/sink terms for mass or energy compo-
nents, kg m-3s-1. 

wS!  Saturation of phase "#, dimensionless. 
T  Temperature, °C. 
u  Displacement vector, m. 

wX !
"  Mass fraction of component ! in fluid 

phase "# , dimensionless. 

Greek Letters 
!  Biot’s coefficient, dimensionless. 

i!  Biot’s coefficient of fracture, dimensionless, 
(i=f, fracture; i=m, matrix) 
!  Linear thermal expansion coefficient, °C-1. 

i!  Linear thermal expansion coefficient, °C-1, 
(i=f, fracture; i=m, matrix) 

w!  fluid phases (=liquid, gas) 

w!µ  Viscosity, Pa.s. 

!  Porosity, dimensionless. 

T!  Thermal conductivity, W K-1 m-1 
!  Lame’s constant, Pa. 
ll!  Strain components, l=x,y,z, dimensionless. 

v!  Volumetric strain, dimensionless 

!  Strain tensor, dimensionless. 
! Poisson’s ratio of rock, dimensionless.  
! " Effective stress, Pa. 

ex! External load per area at the top column, Pa. 

R!  the density of rock grain. kg m-3. 

w!"  the density of phase "#, kg m-3. 

n!  Area of closed surface, m2. 

kl!  k=l for shear stress; k"l for normal stress, 
k=x,y,z, l=x,y,z, Pa. 

m!  Mean total stress, Pa. 

Subscripts and Superscripts 
!  the index for the components, ! = 1 (water), 2 
(air), and 3 (energy). 

w! = G for gas; = L for liquid. 
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